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Abstract: Nucleoside transporters (NTs) are integral membrane proteins necessary for the cellular entry of nucleoside ana-
log drugs used in chemotherapeutic treatment of conditions such as cancer and viral or parasitic infections. NTs are also
the targets of certain drugs used in the treatment of various cardiovascular conditions. Because of the importance of NTs
in drug uptake, determination of the three-dimensional structure of these proteins, particularly hENT1, has the potential to
improve these treatments through structure-based design of more specifically targeted and transported drugs. In this paper,
we use NMR spectroscopy to investigate the structure of the large intracellular loop between transmembrane domains 6
and 7 and we also describe a method for the successful overexpression of full-length hENT1 in a bacterial system. Re-
combinant tandem histidine-affinity (HAT) and 3�FLAG tagged hENT1 was overexpressed in E. coli, affinity purified,
and functionally characterized by nitrobenzylthioinosine (NBTI) binding. Anti-3�FLAG immunodetection confirmed the
expression of N-HAT-3�FLAG-hENT1, while increased NBTI binding (3.2-fold compared with controls) confirmed the
conformational integrity of the recombinant hENT1 within the bacterial inner membrane. Yields of recombinant hENT1
using this approach were *15 mg/L of bacterial culture and this approach provides a basis for large-scale production of
protein for a variety of purposes.
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Résumé : Les transporteurs de nucléosides (TN) consistent en protéines membranaires intégrales nécessaires à l’entrée
dans les cellules d’analogues des nucléosides utilisés en chimiothérapie pour traiter des maladies ou des situations comme
le cancer ou les infections virales/parasitaires. Les TN sont aussi les cibles de certains médicaments utilisés dans le traite-
ment de certaines maladies cardiovasculaires. À cause de l’importance des TN dans la capture de médicaments, la détermi-
nation de la structure tridimensionnelle de ces protéines, particulièrement hENT1, pourrait permettre d’améliorer ces
traitements par la conception, d’après cette structure, de médicaments ciblés et transportés de manière plus spécifique.
Dans cet article, nous utilisons la spectroscopie RMN afin d’examiner la structure de la grande boucle intracellulaire située
entre les domaines 6 et 7, et nous décrivons aussi une méthode efficace de surexpression de hENT1 de pleine longueur
dans un système bactérien. Un transporteur hENT1 recombinant portant des étiquettes d’affinité d’histidine en tandem
(HAT) et 3�FLAG a été surexprimé chez E. coli, purifié par affinité et caractérisé fonctionnellement par la liaison de ni-
trobenzylthioionsine (NBTI). La détection immunologique à l’aide d’un anti-3�FLAG a confirmé l’expression de N-HAT-
3�FLAG-hENT1, alors que l’augmentation de la liaison de NBTI (3,2 fois comparativement au contrôle) a confirmé l’in-
tégrité conformationnelle du hENT1 recombinant au sein de la membrane interne bactérienne. La récolte de hENT1 re-
combinant était d’environ 15 mg/L de culture bactérienne en utilisant cette approche, celle-ci constituant une base à partir
de laquelle la production à grande échelle de la protéine sera envisagée à différentes fins.

Mots-clés : hENT1, structure, recombinant, surexpression, bactérie.

[Traduit par la Rédaction]

Introduction

Structural characterization of proteins, especially those in-
volved in cellular drug processing, has greatly increased in
recent years, allowing more advanced structure-based drug
design (Congreve et al. 2005; Blundell et al. 2006). Cyto-
solic drug-processing proteins are readily analyzed owing to
their soluble nature, resulting in significant increases in the

number of solved crystal structures in the Protein Data
Bank (PDB, http://www.rcsb.org/pdb/home.do), while inte-
gral membrane protein (IMP) drug transporters have proved
to be considerably more challenging to characterize owing
to their hydrophobicity, labile nature, and low natural ex-
pression levels (Granseth et al. 2007; Lacapère et al. 2007;
Reithmeier 2007). Prokaryotic homologs of mammalian
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IMPs have proved useful in elucidating structures, since
large quantities of high-quality protein can be produced, but
for families such as the SLC29 (or ENT) family, where no
prokaryotic homolog exists, limited structural information
has been obtained.

Equilibrative nucleoside transporters (ENTs) are the entry
portals in membranes for nucleosides and nucleobases,
which have various biological functions (Löffler et al. 2007;
Rose and Coe 2008; Young et al. 2008). However, there is
much interest in the three-dimensional structure of ENTs be-
cause of their clinical relevance as nucleoside analog (NA)
drug transporters. Nucleoside transporters (particularly
ENT1 and CNT3) transport NA drugs that are used in the
treatment of cancer (e.g., leukemias and solid tumors), viral
infections (e.g., HIV and hepatitis B), and parasitic infec-
tions such as toxoplasmosis, malaria, and African sleeping
sickness (King et al. 2006; Young et al. 2008). In addition,
ENTs are targets for drugs used to treat certain neurovascu-
lar or cardiovascular conditions (Noji et al. 2004; King et al.
2006). ENT1 is ubiquitously expressed in human tissues and
is responsible for a significant proportion of NA drug uptake
(King et al. 2006). Many studies have led to a widely ac-
cepted two-dimensional topological model of ENTs that de-
scribes regions involved in substrate transport and residues
important for substrate and drug binding (Young et al.
2008). In addition, advances in computational homology
modeling have led to hypothetical three-dimensional models
of ENTs that, along with the putative translocation sites, are
in pressing need of validation through detailed structural
studies as provided by NMR spectroscopy and X-ray crystal-
lography (Young et al. 2008). Since the large intracellular
loop of ENT1 has been hypothesized to be a site of regula-
tory interactions, we determined whether this region of
ENT1 has defined structure, as predicted by protein structure
prediction programs, using NMR. For more extensive struc-
tural analysis, large quantities of protein are needed and
various approaches for producing large quantities of high-
quality functional ENT protein have been investigated, in-
cluding using mammalian, yeast, and insect host systems to
overexpress recombinant ENTs (Vickers et al. 1999; Reyes
et al. 2010; G. Reyes and I.R. Coe, unpublished data). How-
ever, we have found that these approaches are not optimal
for the generation of the protein yields required for struc-
tural studies using X-ray and electron crystallography. As a
result, we have developed a bacterial overexpression system
that produces recombinant human ENT1 (hENT1) possess-
ing correct ligand-binding conformation. Moreover, we pro-
pose that this approach can be scaled up to produce
sufficient quantities of protein for crystallographic structural
analysis.

Methods and materials

Construct design
The construct pN-HAT-3�FLAG-hENT1 was used for

bacterial overexpression and consists of 3�FLAG-tagged
hENT1 cDNA (Reyes et al. 2010) inserted into the vector
pHAT20 (Clontech, Mountain View, California) between
the HpaI and KpnI restriction sites. The primers used to
PCR-amplify cDNA were sense primer, 5’-AGCTTTGT-
TAACATGGACTACAAAGACCATGACGGTGATTAT-3’, and

antisense primer, 5’-CGGGGTACCTCACACAATTGCCCG-
GAA-3’ (restriction sites are underlined and protein-coding
segments are italicized). The resultant construct encodes an
amino-terminal double-tagged hENT1 protein under ‘‘slow’’
constitutive lac promoter control. Expression is inducible
with 1 mmol/L isopropyl b-D-1-thiogalactopyranoside
(IPTG). The HAT (histidine affinity tag) is upstream of the
3�FLAG tag (Sigma, St. Louis, Missouri) and can be re-
moved with enterokinase treatment. Generation of a topolog-
ical model of N-HAT-3�FLAG-hENT1 was aided by
transmembrane domain assignments conducted with the
shareware program TMpred (http://www.ch.embnet.org/
software/TMPRED_form.html; Hofmann and Stoffel 1993),
while secondary structure predictions and sequence analysis
of the large intracellular loop of hENT1 and mENT1 were
done using the programs PSIPRED (http://bioinf.cs.ucl.ac.
uk/psipred; Bryson et al. 2005), ProtScale, following the
Zimmerman amino acid scale (http://expasy.org/cgi-bin/
protscale.pl; Gasteiger et al. 2005), and ClustalW2 (http://
www.ebi.ac.uk/Tools/clustalw2/index.html; Chenna et al.
2003).

Protein overexpression
Bacterial overexpression of recombinant hENT1 was initi-

ated by heat shock transformation of competent E. coli
BL21(DE3) cells (EMD, Darmstadt, Germany) with the con-
struct pN-HAT-3�FLAG-hENT1 and selection of positive
colonies on ampicillin-supplemented LB plates (Amp,
50 mg/mL; Sigma). These plates were routinely used within
2 weeks (having been stored at 4 8C), as we noted that over-
expression of recombinant hENT1 is unreliable after more
than 14 days. Positive colonies were amplified by inoculat-
ing selective LB medium (50 mg/mL Amp) in shake flasks
(volumes £ 50 mL) and incubating cultures at various tem-
peratures (37 8C, 25 8C, and 20 8C) until culture densities
reached OD600 values of 0.4 (16–48 h, 250 rpm), at which
point the cultures were induced for 3–5 h with 1 mmol/L
IPTG. Overexpression of N-HAT-3�FLAG-hENT1 was
confirmed by anti-3�FLAG immunodetection (Sigma) on
1 mL aliquots of these bacterial cultures (suspended in
standard 1� protein loading buffer [PLB: 62.5 mmol/L
Tris–HCl pH 6.8, 2% (v/v) SDS, 5% (v/v) glycerol, 0.1 mol/L
dithiothreitol (DTT), 0.03 mmol/L bromphenol blue] and
heated at 85 8C for 10 min). Bacterial cells in the remaining
culture were then pelleted by centrifugation (8000g, 20 min,
4 8C) and stored at –80 8C until further analysis, which was
typically conducted within 2 weeks. Large-scale trial cul-
tures (1 L) were grown in 1 L fermentors set at 20–22 8C,
pH 7.0, 300 rpm, and >30% dissolved O2. A non-induced
overnight starter culture (100 mL) was used to inoculate the
1 L of selective LB (50 mg/mL Amp) and this culture was
grown to a cell density of OD600 » 1.6, followed by induc-
tion with 1 mmol/L IPTG for 5 h.

Isolation of inner membranes from N-HAT-3�FLAG-
hENT1 transformed bacterial cells was conducted following
a previously described sucrose gradient method (Kotarski
and Salyers 1984). Inner membranes were suspended in
HEPES buffer (10 mmol/L, pH 7.4) and the presence of
3�FLAG-hENT1 was confirmed by anti-3�FLAG immuno-
detection.
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NBTI binding assay
NBTI binding assays were conducted as previously de-

scribed (Reyes et al. 2010) with a few modifications, on
non-treated and osmotically shocked transformed bacterial
cells. Modifications include incubating samples with in-
creasing concentrations of [3H]NBTI (0.1–15 nmol/L) and
filtering the samples through Durapore membrane filters
(0.22 mm, Millipore, Billerica, Massachusetts). Bacterial
cells were osmotically shocked, following a standard proce-
dure (Neu and Heppel 1965), to ensure accessibility of
NBTI to the inner membrane, since the outer membrane of
E. coli is impermeable to NBTI.

Tandem affinity purification
Total solubilized cell lysates used for the tandem purifi-

cation were prepared by suspending the cell pellet in ice-
cold lysis buffer pH 7.4 (50 mmol/L Tris–HCl, 150 mmol/L
NaCl, 0.25% (v/v) Fos-Choline-12 (Anatrace, Maumee,
Ohio), and EDTA-free protease inhibitors (Roche, Laval,
Quebec); 10 mL/g of pellet) and disrupting the cells by
probe sonication on ice (30% intensity, 4 cycles of 10–30 s,
depending on aliquot volume). This greyish, more translu-
cent solution was then allowed to mix with rotation for 2 h
on ice (0 8C) to ensure full solubilization of membrane pro-
teins while minimizing degradation. After this incubation,
the solution was centrifuged (15 000g, 4 8C) to remove in-
soluble debris (in the pellet) and the remaining supernatant
(total solubilized cell lysate) was used immediately to affin-
ity purify the recombinant hENT1. Total protein content was
determined using a reducing agent and detergent compatible
(RC DC) Lowry assay (Bio-Rad, Mississauga, Ontario).

The isolation of N-HAT-3�FLAG-hENT1 from large-
scale trials (1 L fermentor cultures) used a 4 mL Ni2+-NTA
column with a flow rate of 1 mL/min. Total solubilized cell
lysates, as prepared above, were syringe filtered (0.45 mm;
Millipore) and recirculated on the column overnight (0–
4 8C). This was followed by washing with 100 mL of lysis
buffer pH 7.4 and elution with 30 mL of lysis buffer supple-
mented with 100 mmol/L imidazole. The eluate was imme-
diately bound to 200 mL of anti-3�FLAG M2 agarose resin
and incubated overnight with rotation (4 8C). The resin was
washed with 10 mL of ice-cold lysis buffer pH 7.4 (3
cycles, 15 min, 4 8C) and the elution fraction was collected
using 150 mL of a modified 1� protein loading buffer
[PLB*: 62.5 mmol/L Tris–HCl pH 6.8, 2% (v/v) SDS, 10%
(v/v) glycerol]. PLB* differs from PLB in that it lacks DTT
(reducing agent) and bromphenol blue (dye) to help mini-
mize the displacement of IgG from the resin and to avoid
interference by the buffer in subsequent RC DC Lowry as-
says. The presence of N-HAT-3�FLAG-hENT1 was con-
firmed using previously described methods (Reyes et al.
2010) including 10% SDS–PAGE with visualization by
Bio-Safe Coomassie blue staining (detection range of 8–
28 ng; Bio-Rad) and anti-3�FLAG immunodetection
(1:30 000 antibody dilution). Band sizes and yields were es-
timated using a broad-range marker (7–175 kDa; New Eng-
land Biolabs, Ipswich, Massachusetts) and BSA standards
(1 mg/lane).

NMR spectroscopy
Two chimeric genes consisting of 6�His–ubiquitin, an

intervening thrombin site, and residues 228–290 of hENT1
or mENT1 (large intracellular loops) were codon optimized
and synthesized commercially (DNA2.0, Menlo Park, Cali-
fornia) and inserted into the vector pJexpress 401.

The 6�His–ubiquitin–ENT1 (Ubq–ENT1) fusion peptides
were expressed from a 1 L culture of E. coli BL21(DE3) in
a minimum medium containing [15N]ammonium chloride as
the sole nitrogen source. Purification of the fusion peptides
from the soluble fraction was achieved by nickel affinity
and gel filtration chromatography. A sample of Ubq–ENT1
was prepared for NMR spectroscopy at a concentration of
0.2 mmol/L in 10 mmol/L sodium phosphate, pH 7.8,
150 mmol/L NaCl, and 0.05% sodium azide.

15N-edited heteronuclear single-quantum coherence spec-
tra (768 � 80 points) were acquired on a 600 MHz Varian
NMR spectrometer equipped with a salt-tolerant cryogenic
probe. The Ubq–ENT1 spectra were compared with the
spectrum of a 6�His–ubiquitin fusion peptide (Ubq–PirB)
containing an unrelated 36 amino acid sequence from human
paired immunoglobulin-like receptor B (PirB). Spectra were
processed with NMRPipe (Delaglio et al. 1995) and inter-
preted with NMR View (Johnson and Blevins 1994).

Results and discussion

Protein overexpression
This is the first report, to our knowledge, of the successful

expression of recombinant hENT1 (N-HAT-3�FLAG-
hENT1) in a bacterial host. This is a significant step towards
three-dimensional analysis of hENT1, a clinically important
drug transporter, because it represents an important step to-
wards overcoming the problem of low yields of mammalian
ENTs and producing sufficient concentrations of protein (up
to 10 mg/mL) for future structural studies (Lacapère et al.
2007). This approach can be scaled up and uses a lac pro-
moter to drive expression plus tandem affinity purification
to isolate N-HAT-3�FLAG-hENT1. N-HAT-3�FLAG-
hENT1 differs from endogenous ENT1 by the addition of
tandem N-terminal tags (HAT and 3�FLAG) for purifica-
tion and by the lack of glycosylation (Fig. 1). Initially, Coo-
massie blue stained gels could not be used to confirm the
presence of N-HAT-3�FLAG-hENT1 in lysates because of
low expression levels (Fig. 2A). However, anti-3�FLAG
immunoblots (Fig. 2B) clearly displayed evidence of N-
HAT-3�FLAG-hENT1 expression as a broad band at ap-
proximately 47 kDa, slightly lower than the sequence-based
expected molecular weight of 57 kDa. This difference is not
surprising, since higher mobility shifts are a common char-
acteristic of integral membrane proteins, probably because
of their hydrophobicity (Tate et al. 2003; Christoffers et al.
2005; Geyer et al. 2007). Nevertheless, the size of N-HAT-
3�FLAG-hENT1 fits well within the reported range for en-
dogenous hENT1, 37–55 kDa (Kwong et al. 1988, 1992,
1993) (the size varies owing to differential glycosylation;
Kwong et al. 1986). Furthermore, the observed protein size
is remarkably similar to that of recombinant hENT1 overex-
pressed in mammalian, insect, and yeast hosts (Vickers et al.
1999; Reyes et al. 2010; Ward et al. 2000; G. Reyes and
I.R. Coe, unpublished data).

In addition to the apparent full-length N-HAT-3�FLAG-
hENT1, 3 additional immunoreactive protein species were
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observed. Protein bands smaller than 47 and 32 kDa may be
degradation or truncation products (Fig. 2B), while a much
larger protein species above 83 kDa could be a dimeric
form of N-HAT-3�FLAG-hENT1 (see Fig. 4). To deter-
mine whether the two smaller protein species resulted from
degradation or truncation, cultures were incubated at lower
temperatures. Anti-3�FLAG immunodetection (Fig. 2C) re-
vealed that temperature does affect expression of N-HAT-
3�FLAG-hENT1. There appears to be a threshold tempera-
ture (<25 8C) favoring expression of full-length and putative
dimer protein species (Fig. 2C, lane 5; note that the dimer is
visible only with longer film exposures and is not shown
here). Below this threshold (i.e., 20 8C), the existence of
degradation or truncation by-products is reduced. This is a
common phenomenon observed with overexpression of both
cytoplasmic and membrane proteins in E. coli (Schein and
Noteborn 1988; Quick and Wright 2002; Tate et al. 2003;
Dyson et al. 2004) and is attributed to the general slowing
down of the transcriptional and translational machinery of
the host, which allows more time for proteins to be properly
synthesized (Baneyx and Mujacic 2004). Lower incubation
temperatures also reduce protease activity, which is believed
to be up-regulated as a natural response by the host to coun-
teract increasing levels of toxic foreign protein (Enfors
1992; Baneyx and Mujacic 2004).

The larger protein species (>83 kDa) was more apparent
in purified fractions and its presence was inconsistent during
repeated experiments. Interestingly, this feature of hENT1

has been observed since the late 1980s (at this time known
as band 4.5; Jarvis et al. 1986; Jhun et al. 1990) and in a
more recent study (Ward et al. 2000), yet no further studies
of the nature of this protein species have been done, and the
physiological relevance of the putative dimers remains un-
clear. The same observation was made following over-
expression of ENT1 in mammalian and yeast systems
(Vickers et al. 1999; Reyes et al. 2010), but it is currently
unknown whether this protein species is an artefact of over-
expression or represents a physiologically relevant protein
complex. Trafficking of some membrane proteins in eukary-
otic cells from the endoplasmic reticulum, and other
vesicular compartments, has been shown to involve oligo-
merization of the membrane protein (Sitte et al. 2004).
Also, transporters have been discovered to naturally form
oligomers in the plasma membrane (i.e., hOAT1, hGlyT,
hMDRP1; Hong et al. 2005; Yang et al. 2007; Bartholomäus
et al. 2008). Combining these observations with reports on
the regulation of transporters through dimerization (Yang et
al. 2007) and observations that strong bonds in dimers can
withstand the denaturing conditions of SDS–PAGE (i.e., b2-
adrenergic receptor; Salahpour et al. 2003), we believe that
it is highly likely that hENT1 dimerizes and the potential
physiological relevance of this regulatory mechanism war-
rants further investigation.

Overall, the success of the expression system described
here is primarily attributed to identifying the correct promoter

Fig. 1. Putative topological model of N-HAT-3�FLAG-hENT1 overexpressed in E. coli. Expressed N-HAT-3�FLAG-hENT1 is theoreti-
cally inserted in the inner membrane and putatively composed of 11 transmembrane domains with one large loop facing the periplasmic
space and the other large loop facing the cytoplasm. N-HAT-3�FLAG-hENT1 is likely non-glycosylated at Asn48 and has two tandem tags,
HAT (circles with X) and 3�FLAG (filled circles), for optimal purification.
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for expression of N-HAT-3�FLAG-hENT1. We found, as
have others (Quick and Wright 2002; Tate et al. 2003), that
inducible T7 promoters are not always optimal for expres-
sion of IMPs, since protein production by these promoters
can overwhelm the translational capacity of the host. This
results in the accumulation of toxic mRNA levels that pro-
mote cell death (Miroux and Walker 1996) and high levels
of truncated or misfolded proteins, which promote protease
activity (Baneyx and Mujacic 2004). In contrast, the use of
a lac promoter in the expression construct allowed for a
slow constitutive transcription rate that was well tolerated
by the translational machinery of the bacterial host. The tol-
erance for membrane protein overexpression by the highly
acclaimed specialized E. coli BL21(DE3) strains C41 and
C43 follows this mechanism, but the reduced transcription
rate results from mutation(s) affecting the lac promoter gov-
erning the T7 RNA polymerase (Wagner et al. 2008). This
approach was also adopted in the successful overexpression
of bacterial PutP and the human Na+/glucose cotransporter
hSGLT1 (Quick and Jung 1998; Quick and Wright 2002).

N-HAT-3�FLAG-hENT1 conformation
To test whether N-HAT-3�FLAG-hENT1 has proper

ligand-binding conformation, NBTI binding assays were
conducted (Fig. 3). A 3.2-fold increase in NBTI binding
was observed between osmotically shocked transformed bac-
terial cells and controls (Bmax: ENT1, 1.49 ± 0.39 pmol/mg;
control, 0.47 ± 0.31 pmol/mg; n = 3), while affinity for
NBTI binding was in the nanomolar range (Kd, 10.45 ±
4.51 nmol/L; n = 3). These data not only support the conclu-

sion that N-HAT-3�FLAG-hENT1 is expressed in bacteria,
explaining the increase in NBTI binding, but also suggest
that N-HAT-3�FLAG-hENT1 has been processed and
folded in a conformation capable of binding ligand. It is be-
lieved that N-HAT-3�FLAG-hENT1 is inserted into the in-
ner membrane, since NBTI binding was observed only in
transformed bacterial cells that were osmotically shocked,
which renders the outer membrane of the bacterial cell po-
rous to NBTI (Fig. 3). Also, anti-3�FLAG immunodetection
confirmed the presence of N-HAT-3�FLAG-hENT1 in iso-
lated inner-membrane fractions (Fig. 3, inset). While it re-
mains a possibility, we do not believe that NBTI is binding
to N-HAT-3�FLAG-hENT1 deposited within the cell in in-
clusion bodies, since the shocked bacterial cells have inner
membranes that are fully sealed, which was confirmed
through cell viability tests after osmotic shock treatment
(data not shown).

N-HAT-3�FLAG-hENT1 NBTI binding (Bmax) and affin-
ity (Kd) appear to be lower than those observed for some en-
dogenous ENT1 and for recombinant ENT1 expressed in
eukaryotic cells (Boumah et al. 1992; Vickers et al. 1999;
Reyes et al. 2010). The total amount of ENT1 inserted into
the inner membrane (or possibly into inclusion bodies) may
be affected by the unnatural lipid environment of the protein
(as noted with overexpression of hSGLT1 in bacteria;
Quick and Wright 2002). N-HAT-3�FLAG-hENT1 is not
N-glycosylated, and likely also not O-glycosylated, since
these posttranslational modifications are absent or restricted
to certain endogenous proteins in the E. coli strain (Wacker
et al. 2002; Charbonneau and Mourez 2008). Studies in
which hENT1 was overexpressed in yeast suggest that the

Fig. 3. NBTI binding assays confirm N-HAT-3�FLAG-hENT1
overexpression in E. coli and suggest proper conformation. NBTI
binding assays were conducted on whole N-HAT-3�FLAG-hENT1
transformed (BFh) and control bacterial cells that were untreated or
osmotically shocked (O.S.). These assays demonstrate that bacterial
cells are expressing N-HAT-3�FLAG-hENT1, as there is greater
NBTI binding (3.2-fold) in transformed cells than in controls.
Moreover, NBTI binding is observed only in transformed cells that
are osmotically shocked. This is a representative figure from three
trials. Anti-3�FLAG immunodetection shows the presence of N-
HAT-3�FLAG-hENT1 (arrow) within inner-membrane fractions
(inset, IM, 50 mg/lane). Markers (<) are 83, 62, and 47 kDa.

Fig. 2. Immunoblots confirm the overexpression of N-HAT-
3�FLAG-hENT1 in E. coli. (A) Coomassie blue stained gels re-
vealed no differences between lysates of pN-HAT-3�FLAG-
hENT1 transformed cells and non-transformed controls (lanes 1 and
2, respectively; 90 mg total protein). (B) Anti-3�FLAG immunode-
tection demonstrated that N-HAT-3�FLAG-hENT1 was present in
lysates derived from transformed bacterial cells (lane 1) compared
with controls (lane 2). Three immunoreactive protein species were
detected: full-length protein (*47 kDa, *) and two degraded or
truncated versions of the protein (<47 and <32 kDa, ~). Lane M
contains the protein markers (<; 83, 62, 47, and 32 kDa). (C) Anti-
3�FLAG immunoblot of crude bacterial cell lysates from trans-
formed bacteria grown at 37 8C, 25 8C, and 20 8C (lanes 3, 4, and
5, respectively; 50 mg/lane).
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lack of this posttranslational modification on ENT1 affects
NBTI binding only and not substrate binding or drug sensi-
tivity (Vickers et al. 1999), which likely explains the lower
affinity for NBTI binding observed here than typically ob-
served with endogenous ENT1 or recombinant ENT1 ex-
pressed in eukaryotic cells (Kd & 0.1–0.3 nmol/L) (e.g.,
Boumah et al. 1992; Vickers et al. 1999; Reyes et al. 2010).
However, NBTI binding in the nanomolar range still sug-
gests a high affinity for the expressed protein, supporting
our contention that the protein is in the correct conforma-
tion.

Tandem affinity purification
Having confirmed the expression of N-HAT-3�FLAG-

hENT1 and checked its ligand binding characteristics, we
then proceeded with its tandem purification. From 1 L fer-
mentor cultures, approximately 15 mg of N-HAT-3�FLAG-
hENT1 was purified. This yield (*15 mg/L of culture) of
recombinant membrane protein is lower than values ob-
tained from other similar studies (i.e., FLAG-tagged
hSGLT1, 3 mg/L; 6�His-tagged hSERT, 3 mg/L; 6�His-
tagged rOAT3, 300 mg/L; Quick and Wright 2002; Tate et
al. 2003; Lash et al. 2007), but as a prototypic method this
approach provides the largest source of conformationally in-
tact hENT1 in a format that can be extracted easily, thus
validating further efforts to refine the process in the future.
Currently, extraction of endogenous and recombinant ENT1
from mammalian sources is hampered by the lack of suit-
able antibodies for immunoprecipitation; also, extraction of
recombinant ENT1 from mammalian sources is not econom-
ically practical owing to the smaller yields. However, these
low yields can be offset by using larger fermentors or by
pooling various batches.

Purified N-HAT-3�FLAG-hENT1 was clearly detected
on Coomassie blue stained gels and anti-3�FLAG immuno-
blots (Figs. 4A and 4B). Other protein bands that were

observed in the final elution fraction were putative dimers
of N-HAT-3�FLAG-hENT1 and minor degradation or trun-
cation products that were visible only through immunodetec-
tion. Contaminants from the elution procedure, such as
heavy and light chains of IgG (50 kDa and 25 kDa) and
some nonspecifically bound proteins, were also observed.
Our experiences purifying recombinant ENT1 peptides from
E. coli and recombinant full-length ENT1 protein from
mammalian cells (Reyes et al. 2010) suggest that these con-
taminating proteins can be removed by alternative elution
procedures such as the use of 3�FLAG-peptides, low pH
solution, or gel filtration chromatography.

The advantage of the bacterial overexpression protocol
described here is that it allows overexpression of the full-
length ENT1 protein. While it is possible to investigate
smaller regions of membrane proteins, particularly the re-
gions that are cytosolic such as N- or C-termini and intracel-
lular loops, for ENT1 there is limited opportunity to
investigate structural aspects of the protein using this ap-
proach, since the N-terminus is very short, the C-terminus
is extracellular, and all but one of the intracellular loops are
very short. The longest intracellular loop in mammalian
ENT1 is between transmembrane domains 6 and 7 (Fig. 1)
and is predicted to be approximately 60 amino acids in
length. This region has potential consensus sites for phos-
phorylation by kinases (in both mENT1 and hENT1) and
thus may contribute to important regulatory interactions
with other proteins. Protein prediction programs such as
PSIPRED predict a helical structure at the beginning of the
intracellular loop, while other regions are predicted to be
strands, short helices, or unstructured (Fig. 5A). We tested
this prediction by overexpressing, and analyzing by NMR
spectroscopy, the hENT1 and mENT1 TM6–TM7 loop
(tagged with ubiquitin) using a spectrum of ubiquitin–PirB,
which consists of a small random coil fused to ubiquitin, as
a control (Figs. 5B and 5C). Analysis of the ENT1 loop

Fig. 4. Tandem purification of N-HAT-3�FLAG-hENT1. Aliquots from the various steps of the N-HAT-3�FLAG-hENT1 purification from
large-volume trials were analyzed with (A) Coomassie blue stained gels and (B) anti-3�FLAG immunodetection (40 s exposure). Ni2+-
IMAC (immobilized-metal affinity chromatography) lanes: L, total solubilized cell lysate (80 mg); Ft1, flow-through (80 mg); W1i and W1ii,
washes (80 and 40 mg); E1, eluate (80 mg). 3�FLAG lanes: Ft2, flow-through (80 mg); W2, washes (2 mg); E2i and E2ii, eluate (4 and
40 mg). On Coomassie blue stained gels, N-HAT-3�FLAG-hENT1 (*) and its putative dimer (**) were detectable only in the 3�FLAG-
purified elution fraction (lanes E2i and E2ii). Other minor bands observed in this elution fraction are heavy-chain IgG (&) and some un-
known nonspecifically bound proteins (*). N-HAT-3�FLAG-hENT1 and its putative dimer were also confirmed on immunoblots (B) along
with some minor degradation or truncation products (~) that are not detectable on Coomassie blue stained gels. Lanes M contain the pro-
tein markers (>; 175, 83, 62, 47, and 32 kDa).
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(both mouse and human) suggested this region of the protein
is predominantly unstructured in solution. This result, how-
ever, does not rule out the possibility that this segment is in-
volved in protein–protein interactions, since there are
distinct levels of polarity within this segment that result
from charged residues which are highly conserved within
different organisms (Fig. 6). Moreover, previous studies
have provided evidence that an electrostatic cloud produced
on a disordered extra- or intracellular loop, as we have iden-
tified in ENT1, can serve as a dynamic regulatory domain
sensitive to conformational changes (Conseil et al. 2009;
Fusca et al. 2009). Furthermore, similar domains can serve
as binding sites to attract associating proteins such as kin-
ases (Mittag et al. 2010; Galdiero et al. 2003). Direct phos-

phorylation of a transporter by kinases may be a regulatory
mechanism, although, to date, this has not been demon-
strated for any nucleoside transporter.

Conclusion
In this report we present the first bacterial expression of a

mammalian equilibrative nucleoside transporter. By using a
construct driven by a lac promoter and isolation through tan-
dem affinity purification techniques, we were able to isolate
conformationally correct N-HAT-3�FLAG-hENT1 at a con-
centration of approximately 15 mg/L of culture, demonstrat-
ing that this approach is feasible and can be used to obtain
sufficient amounts of protein for further structural analysis.
Analysis of the large intracellular loop between transmem-

Fig. 5. Large intracellular loop of ENT1 is unstructured based on comparative NMR analysis. (A) Computationally derived predicted sec-
ondary structures present in the 61 residue large intracellular loop of human ENT1. The structure primarily consists of short helices at the
beginning and end of the input sequences. (B) Coomassie blue stained gel loaded with gel filtration chromatography purified Ubq–hENT1
and Ubq–mENT1 (lane 1 and lane 2, 10 mg/lane). Marker bands shown are 32, 25, 16, and 6 kDa. (C) NMR spectrum of Ubq–PirB (control)
and Ubq–ENT1 (Ubq–ENT1 is a representative spectrum of hENT1 and mENT1, since these were identical). The large intracellular loop of
ENT1 lacks secondary structure, since its spectrum is almost identical to that of the unstructured control (Ubq–PirB).
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brane domains 6 and 7 suggests that this loop exists in a
predominantly unstructured state. Our results present a novel
but prototypic source of hENT1 for structural studies, which
can lead to the development of three-dimensional models to
provide insight into the substrate binding and transport
mechanisms of this clinically important integral membrane
protein.
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